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Quantitative Strain Analysis of the Benchmark Iron Formation Within the Nemo Shear Zone, Black Hills, South Dakota
Hawkins, Robert R., Allard, Stephen T., Department of Geoscience, Winona State University, Winona, MN
                 Abstract:
The Black Hills of South Dakota expose rocks deformed during the suturing of the Wyoming and Superior Provinces. The nal 
continent-continent suturing, local D3, is interpreted from NW-striking shear zones and related folding. These structures deformed supracrustal 
and basement rocks during left-lateral strike-slip, NE-side up transpression. The Nemo shear zone is a similarly oriented, km-wide structure in 
the NE Black Hills. Two miles southeast of Nemo village it parallels the Estes unconformity deforming both Nemo group rocks below and the 
overlying Estes Conglomerate. This project describes shear sense and quanties strain preserved in the Benchmark Iron-formation, the 
uppermost unit of the Nemo group, and compares it to other D3 shear structures. 
This research mapped three NW-trending lenses of iron formation within the shear zone adjacent and below the Estes unconformity. The iron 
formation contains ~80% Fe-oxide matrix, dominantly specularite, separating discontinuous cm-scale quartzite lenses elongate parallel to the 
NW-striking, near vertical shear fabric, giving the unit a banded appearance. Locally, areas in the iron formation appear massive with angular 
and nearly equi-dimensional quartzite clasts. These areas are interpreted to represent the unsheared protolith, and the quartz lenses in the 
“banded” component are interpreted to be sheared quartzite clasts. This interpretation allows for a quantitative strain analysis using the 
sheared quartzite clasts as strain markers.
Assuming no area loss, quartzite lenses viewed on horizontal exposures record stretch (S) of 0.6 and 1.75 in their short and long axes, 
respectively. In vertical exposures, long axes average S≈3, however S ranges from 1.75 to >4. Short axes in this orientation have S≈0.3. These 
data support signicant attening; however, stretch is greater in the vertical than horizontal.  Asymmetry of sigma shaped quartzite lenses and 
cm-scale folding of lenses in both horizontal and vertical exposures supports NE-side up and left-lateral strike-slip shear movement.  This shear 
displacement combined with the strong attening component support the interpretation that the Nemo shear zone is associated with other 
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 Stereonet showing poles from Sm 
data collected. Points are contoured 
and show average strike & dip 
calculated by cylindrical best t.  N=42
Average Strike & 
Dip of Shear Plane 
:139; 88
Figure 14:
 Block diagram visually expressing the quantitative strain analysis. 
Pre-shear quartzite clasts on the right and post-shear clasts on the left, 
all in an iron matrix. Top of block shows horizontal exposures, while 
vertical exposures are shown on the bottom half, with purple lines 
expressing sigma 1 & 3 within the deformed clasts. Oset of deformed 
clasts showing shear direction was calculated by comparing the ratio of 
stretch to shorting graphically, resulting in an angular shear of ≈30. Red 
dotted lines indicate shear fabric.
Filled arrows indicate 
elongation, while 














 Sample of the Benchmark Iron-formation, found in the westernmost 
Iron-formation lense. Photo shows an example of the left lateral shear 
sense indicators that were observed within the eld.  Dotted red lines 
indicate Sm fabric, while the solid red lines highlight shear sense indicators. 
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 Generalized map of Black Hills region showing 
interpreted placement of Dakotan Tectonic Zone, 
refolded F3 fold locations, past research areas, as well 
as overall shear sense. Inset gure is a simplied 




 Picture of a left lateral crenulation fabric observed within the iron 
formation near the contact with the Estes boulder conglomerate. Red 
lines indicates the folded shear fabric, and the dotted green lines 
represent the crenuation fabric. Yellow arrows indicate shear sense.   
Field Obervations        Disscussion:
 
 In the eld three dierent rocks units were observed, the 
oldest being the Boxelder quartzite, a ne to medium grained, 
white to pink sheared quartzite with minor amounts of 
potassium feldspar. Next is the Benchmark Iron-formation, the 
formation this project was completed on. This is a sheared 
conglomeratic iron-formation that contains 60% iron matrix, 
made up of specular grade hematite and late ilmenite 
porhyroblasts; the rest of this unit is made up of lag clasts left 
from the Boxelder quartzite, and have been sheared to show an 
almost banded like appearance in the Iron-formation. The last 
unit was identied as a green to grey Iron-chlorite phyllite, and 
is interpreted to be the bottommost unit lying above the Estes 
unconformity, adjacent to the Estes boulder conglomerate. This 
unit is made up of quartzite and iron clasts with a large amount 
chlorite and muscovite intergrowths. 
 All units found within the eld area have been sheared with 
the iron formation as well as the Iron-chlorite phyllite also 
showing folds (gure 8). Shear sense was interpreted from 
sigma grains within the Iron-formation and Iron-chlorite 
phyllite (gure 6), while shear in the quartzite was interpreted 
from gash fractures and overall texture.  Folding was 
interpreted from various microfolds found within the unit. 
M-folds were interpreted to be within hinge areas while Z and 
S-folds were interpreted to be parts of their respective limbs 
(gure 12.2). 
Figure 2: 
 A step-by-step recreation through block diagrams of how 
Redden interpreted the Estes unconformities formation. A) 
Boxelder Creek-formation is deposited B) entire formation is 
folded C) faulting occurred D) Erosional period causing 
deposition of boulder conglomerate.  
Figure 3:
 Three maps showing the dierent deformational 
events that occurred in the Black Hills at ca. 
1780—1715 Ma. See Background text for description 
of each event. 
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D-1: NW-directed fold/thrust nappes
F-1: NE-trending fold axes with
        shallow SE-dipping axial planes
F2-fold
axial planes
D-2 (D-2a): WSW-ENE compression
           F2: NNW-trending fold axes with
                  steeply dipping axial planes
D-3(D-2b):  local cross folds refold F2 folds
                   into vertically plunging folds with
       NW-striking, near-vertical
                                    axial planes
D-4(D-3): Harney Peak intrusion
                domes and refolds







              Background: 
 The Black Hills of South Dakota are unique in that they provide exposure of Precambrian basement rocks that 
make up the southern Trans-Hudson orogen. These rocks were deformed during the suturing of the Wyoming 
craton and Superior provinces at ca. 1780—1715 Ma (Figure 1; Redden et al 1990; Redden and Dewitt, 2008). 
During the Laramide orogeny 80—50 Ma, block uplift occured, exposing the deformed crystalline rocks that are 
deeply buried elsewhere in western South Dakota (Sirbescu and Nabelek; 2002). Before the suturing of the 
Trans-Hudson, the eastern Wyoming province, where the Black Hills are currently located (Figure 1, inset), was a 
basin that collected a thick package of Proterozoic sediments (Dahl et al., 1999). These deformed Proterozoic 
supracrustal rocks were originally deposited during two depositional periods. The older sequence includes the 
Boxelder Creek Formation, which contains the layers of iron formations that are the focus of this study. 
 This formation is indicative of a rift environment, which resulted from a margin at the plate boundary. Soon 
after the rift sediments were deposited a sill intruded through the upper portion of the formation at 2480 Ma (Dahl 
et al 2006).  Deposition of the younger package of supracrustal rocks began with deposition of the Estes formation 
at 1780 Ma, and is separated from the older sequence by an erosional period during which the Estes unconformity 
formed (Figure 2; Dahl et al 2006). 
  The suturing event began around 1780 Ma when these sediments were deformed, metamorphosed, and 
intruded by the Harney Peak Granite at 1715 Ma, near the end of the suturing event (Redden et al. 1990; Redden 
et. al. 1990). There are three folding events preserved in the Black Hills (Figure 3). Prior to the suturing of the 
Trans-Hudson the Yavapai Island arc was accreted from the south, creating east-west trending nappe folds (F1).  The 
next two folding events were directly associated with the actual suturing of the Trans-Hudson. First east-west 
compression from the collision refolded F1 into N-NW striking folds (F2), then left-lateral transpressional shearing 
during the end of the suturing led to the development of NW striking folds (F3) and shear zones (Heim and Allard, 
2011; Jorgensen and Allard, 2011; Portis and Allard, 2006; Allard et al., 2009; Portis and Allard, in submission). While 
much research has been done on F1 and F2 (e.g.: Dahl et. al. 2010; Gosselin et. al. 1988; Redden and Dewitt, 2008), F3 
was thought to be a minor deformational event aecting only minor portions of the Black Hills (Redden et al. 1990; 
Redden and Dewitt, 2008). Previous work by WSU students and faculty has identied signicant left-lateral 
shearing coupled with the NW striking folds along the eastern portion of the Black Hills stretching from Rockerville 
to Nemo, pointing to a more widespread deformational event than previously thought (Figure 1; Hiem and Allard, 
2010; Portis and Allard, 2006; Allard and Portis in submission). 
Figure 1:
  Simplied geologic map 
showing eld area in the 
Northeastern Black Hills near 
Nemo, as well as past 
research areas such as 
Rockerville and the Little Elk 
Terrane. Inset map shows the 
Black hills in relation to the 




 Picture showing measurement of the short axis on a porphyroclast. 
Measurements included both long and short axes of phorphoclast as well as their 
orientation, and strike and dip of the plane in which phorphoclast are exposed. Red 
lines represent the foliation plane, large yellow lines indicate shear direction, and 
small green arrows show orientation of measurements on a phorphoclast.
       Methods:
 Work for this project began in early April of 2013 with 
background research of regional geology, previous 
interpretations, methods for quantication of data, and working 
with data collected in the summer of 2011. Doing this before 
eldwork began allowed for a more thorough analysis of what is 
actually happened within this unit and how it relates to other 
structures around it. 
 Fieldwork began June 5th lasted 10 days, and resumed July 
27th for 3 days. This eldwork included mapping at 1:2400 scale to 
identify the iron formation and adjacent units. Mapping included 
taking structural data such as strike & dips of foliation, and trend & 
plunges of fold axes. Fieldwork also included analysis of 
phorphoclast asymmetry and sample collection to quantify strain 
preserved in the rock. This was done by measuring both long and 
short axes of phorphyroclasts as well as their orientation. 
Laboratory analysis included microstructural and textural analysis 
through both reected and refracted light, normalization of 












 Horizontal exposure of Iron-formation in PPL, looking down. Photo shows 
brittle left lateral movement within the iron formation caused a quartz vein 
cutting through the oxides. Red dotted line represents area where 





 Horizontal view of Iron-formation in reected light, looking down. Photo 
shows an example of S-microfolding expressed within a layer of the oxide 
minerals. Outlined in red is specular hematite and ilmenite that has been 





 Vertical exposure of Benchmark Iron-formation, looking north, showing left lateral sigma grains, and 
examples of quartzite grain size associated with remobilized oxides. Both PPL (left) and XPL (right) are 







































































































































 Map showing the Benchmark 
Iron formation and the projected 
folding pattern associated with it. 
Black arrows represent 
compression direction, yellow 
arrows represent shear direction, 
dotted green line represents the 
axial plane, and the blue lines 
represent microfolding associated 
with this eld area.
Figure 12.1:
 Stereonet projecting trend and plunge 
points of fold axes data. Planes show both 
NW and SE trending fold axes, which is 
consistent with the folding pattern 
projected. Green dot indicates average 
trend and plunge, calculated by mean 
vector. N=11
Figure 12.2:
 Figure shows microfolding 
development. a) Undeformed 
layers within a rock. b) 
Compression on the layers 
resulting in folding of the thinner 
and less rigid layer. c) Further 
compression resulting in S, Z, and 
M-microfolds.Average Trend & 
Plunge: 79; 341
                Discussion:
 Folding within the eld area was interpreted from local microfolding found throughout the Iron formation (gure 8). These 
microfolds were expressed through sheared quartzite clasts indicating exural single layers strain folding in the early stages, followed 
by regional scale folding. When these microfolds were plotted on the map, a projected fold pattern was displayed over them (gure 
12.3). This projected folding pattern is consistent with the vectoral compression and shear associated with the D2 - D3 events (gure 3). 
This folding pattern also matches up with the right lateral Z-folds, left lateral S-folds, and constrictional M-folds found within the 
Benchmark Iron-formation and the Iron-chlorite phyllite (map/gure 12.3).  All these consistencies lead to the interpretation that these 
folds are classied as tight to isoclinal asymmetric folds plunging vertically to the NW/SE with an average 880.
Folding
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                Conclusion:
 Compression and shearing in this eld area is interpreted to be the source for diusion within quartzite clasts, remobilization of oxide 
minerals, development and mineralization of muscovite grains, as well as porphyroclast asymmetry and folding.  While retrograde 
metamorphism of muscovite into chlorite, presence of degraded specular hematite, nucleation of Fe minerals, and recrystallized quartzite is 
interpreted to be post tectonic, and associated with the Hearny Peak Intrusion. This intrusion is interpreted to cause major uid ow through 
the previously deformed units causing retrograde metamorphism.
 The ndings of this research conclude that shear strain expressed within the Benchmark Iron Formation can be classied as elongation 
parallel to the shear plane. Within vertical exposures stretch (S) is expressed in the long axes ranging from 2.0 to 4.5, and .3 in their short axes. 
In horizontal exposures S ranges from 1.5 to >3 in their long axes, and .3 in their short axis. These results point towards signicant attening, 
although there is a dierence in S from horizontal to vertical exposures. These dierences in S combined with the asymmetry expressed in 
sigma grains supports the conclusion of left lateral northeast side up transpression (gure 14).
  These ndings are consistent with the ndings of other research within the rest of the Nemo Sequence, Little Elk Terrane, and Rockerville 
(gure 13). While the most commonly accepted hypothesis states that faulting occurred prior to the deposition Estes Conglomerate, in turn 
causing the deposition of the Estes Conglomerate above the Estes Unconformity (gure 2). The presence of these D3 structures above and 
below the Estes Unconformity and in other areas such as Rockerville argues that the shearing was post deposition of the Estes Conglomerate 
and that D3 was a much larger deformational event encompassing the mapped Nemo shear zone as well as in an overall larger shear zone 
proposed to be the Dakotan Tectonic Zone (gure 13).
                             Discussion:
 
                           
                           The Microtextural and structural analysis   
                         was done by viewing ten dierent thin sections of   
                         the Benchmark Iron-formation through both    
                         reected and refracted light, in order to observe   
                         textures in the opaque Fe minerals. These analyses  
                         pointed towards many things such as mineral    
                         assemblages, shear direction, and deformational   
                         history. The Benchmark Iron-formation is made up  
                         of mostly quartzite and oxide minerals, with  very  
                         minor amounts of muscovite and chlorite present   
                         (gure 11 both). The oxide minerals present are   
                         made up of a mixture of mostly specular hematite   
                         and ilmenite. Specular hematite shows up in a    
                         micaceous degraded manor, but is identied    
                         through its sheen observed in reected light (gure  
                         10). Ilmenite grains show up as euhedral to    
                         subeuhedral bladed grains, and do not show any   
                         sheen in reected light. Some oxide grains also   
                         appear red and translucent when viewed in both   
                         PPL and XPL (gure 9). 
                          Observations made during the Microtextural   
                         analysis include quartzite recrystallization, oxide   
                         remobilization, as well a control on grain size    
                         within quartzite clasts. Quartzite clasts contain 
many grains that show polygonal grain boundaries, but show random extinction patterns in relation to the adjacent grains (gure 11 right). 
This is interpreted to be quartzite recrystallization, and is indicative of grain boundary diusion brought on by strain being taken up in the 
quartzite clasts. Oxide remobilization is observed in thin section near major Fe bands and includes both hematite and ilmenite. These small 
grains of oxide generally occur in triple junctions between recrystallized quartzite grains, and are thought to be a result of shear, although 
some nucleations occur inside grains. This combined with diusion in the quartzite clasts allow for nucleation of iron to occur. Lastly wherever 
there are nucleated Fe minerals, the quartzite grains are greatly reduced in size. This is likely brought on by post shear recrystallization of the 
quartzite grains (gure 11 right). 
 The microstructural analysis of the Benchmark showed mainly left lateral shear structures through quartzite grains with oxide minerals 
acting as a matrix (gure 11 left). While oxide minerals showed shear through folding caused by both shear, and by milky quartz veins 
osetting major Fe bands (gure 9 & 10). As well as shear direction, compressional direction was observed through remnant quartzite grains 
that show no shear direction but show boudin necks as well as elongation parallel with the shear plane.
Microtextural and Structural Analysis
N
Figure 8: 
 Picture showing SE plunging microfolds observed within the southern tip of the 
easternmost iron lense.  Dotted red lines show general outline of the sheared 
quartzite clasts. Blue arrows show the compression direction that resulted in folding. 
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The Black Hills of South Dakota expose rocks deformed during the suturing of the Wyoming and Superior Provinces. The final
continent-continent suturing, local D3, is interpreted from NW-striking shear zones and related folding. These structures
deformed supracrustal and basement rocks during left-lateral strike-slip, NE-side up transpression. The Nemo shear zone is a
similarly oriented, km-wide structure in the NE Black Hills. Two miles southeast of Nemo village it parallels the Estes
unconformity deforming both Nemo group rocks below and the overlying Estes Conglomerate. This project describes shear
sense and quantifies strain preserved in the Benchmark Iron-formation, the uppermost unit of the Nemo group, and compares it
to other D3 shear structures.
This research mapped three NW-trending lenses of iron formation within the shear zone adjacent and below the Estes
unconformity. The iron-formation contains -8O% Fe-oxide matrix, dominantly specularite, separating discontinuous cm-scale
quartzite lenses elongate parallel to the NW-striking, near vertical shear fabric, giving the unit a banded appearance. Locally,
areas in the iron formation appear massive with angular and nearly equi-dimensional quartzite clasts . These areas are
interpreted to represent the unsheared protolith , and the quartz lenses in the "banded " component are interpreted to be sheared
quartzite clasts . This interpretation allows for a quantitative strain analysis using the sheared quartzite clasts as strain markers.
Assuming no area loss, quartzite lenses viewed on horizontal exposures record stretch (S) of 0.6 and 1.75 in their short and long
axes, respectively. In vertical exposures, long axes average S=3, however S ranges from 1.75 to >4. Short axes in this
orientation have S=0.3. These data support significant fattening ; however , stretch is greater in the vertical than horizontal.
Asymmetry of sigma shaped quartzite lenses and cm-scale folding of lenses in both horizontal and vertical exposures supports
NE-side up and left-lateral strike -slip shear movement . This shear displacement combined with the strong flattening component
support the interpretation that the Nemo shear zone is associated with other NW -striking D3 structures formed under
transpression during the final suturing of the Wyoming and Superior provinces.
Session No. 38--Booth# 125
Quantifying Deformation Histories using Strain and Kinematic Analyses (Posters)
Sunday, 27 October 2013 9 00 AM-6 30 PM
Colorado Convention Center Hat! D
Geological Society of America PbsHacrs with Programs Vol. 45, No 7 0.115
© Copyright 2013 The Geological Society of America ( GSA), all rights reserved . Permission is hereby granted to the author(s) of
this abstract to reproduce and distribute it freely, for noncommercial purposes . Permission is hereby granted to any individual
scientist to download a single copy of this electronic file and reproduce up to 20 paper copies for noncommercial purposes
advancing science and education , including classroom use, providing all reproductions include the complete content shown here,
including the author information . All other forms of reproduction and/or transmittal are prohibited without written permission from
GSA Copyright Permissions.
See more of: Quantifying Deformation Histories using Strain and Kinematic Analyses (Posters)
See more of : Discipline Sessions
Previous Abstract I Next Abstract >>
© 2013 • The Genb<1iral S0. ely 01 America
https://gsa.confex . com/gsa/2013AM/webprogram /Paper223535.html 10/17/2013
